Mutants of the Saccharomyces cerevisiae ataxia telangiectasia mutated (ATM) homolog MEC1/SAD3/ESR1 were identified that could live only if the RAD53/SAD1 checkpoint kinase was overproduced. MEC1 and a structurally related gene, TEL 1, have overlapping functions in response to DNA damage and replication blocks that in mutants can be provided by overproduction of RAD53. Both MEC1 and TELl were found to control phosphorylation of Rad53p in response to DNA damage. These results indicate that RAD53 is a signal transducer in the DNA damage and replication checkpoint pathways and functions downstream of two members of the ATM lipid kinase family. Because several members of this pathway are conserved among eukaryotes, it is likely that a RAD53-related kinase will function downstream of the human ATM gene product and play an important role in the mammalian response to DNA damage. named mecl-22. MECI on a centromeric plasmid restored wild-type HU resistance to mecI-22 and relieved its dependence on overproduction of RAD53 (Fig. 1 B) .
Mutants of the Saccharomyces cerevisiae ataxia telangiectasia mutated (ATM) homolog MEC1/SAD3/ESR1 were identified that could live only if the RAD53/SAD1 checkpoint kinase was overproduced. MEC1 and a structurally related gene, TEL 1, have overlapping functions in response to DNA damage and replication blocks that in mutants can be provided by overproduction of RAD53. Both MEC1 and TELl were found to control phosphorylation of Rad53p in response to DNA damage. These results indicate that RAD53 is a signal transducer in the DNA damage and replication checkpoint pathways and functions downstream of two members of the ATM lipid kinase family. Because several members of this pathway are conserved among eukaryotes, it is likely that a RAD53-related kinase will function downstream of the human ATM gene product and play an important role in the mammalian response to DNA damage.
The ability to coordinate cell cycle transitionS in respoinse to g(elnotoxic stress is critical to the maintenance ot genomic stability. MItaLtion1s inl 111Ma1mma1alian genes that abrogate this response, such as p53 and ATM, cauLIse a genetic predisposition to cancer (1) . In yeast, several genIes have been identified that control the cell cycle response to DNA damage, replication blocks, or both, inclUding the MEC, SAD, RAD, and DUN (enes. DNA polymerase £ (POL2IDUN2) is aI potential sensor of DNA replication blocks that links the replication machinery to the S phase checkp(oint (2) . RAD53 (also known as SAD], MEC2, or SPKI ) encodes a protein kinase (3, 4) that controls cell cycle arrest and transcriptional responses to DNA damage and DNA replication blocks (3) , including activation of the D)UNJI kinase (3, 5) . MECI (also called ESRI or SAD3) encodes a protein-with sequL1en1ce similarity to lipid kinases that is involved in meiotic recoinbination (3) and, like RAD53, in the transcriptional aInid cell cycle responses to DNA damage and replication blocks. Mecl p belongs to the phosphatidylinositol kinase family that includes the Schizosaccharomyces pombe rad3 checkpoint gJene (6), S. cerevisiae YBLO88, recently ideniitified as TELI, required for telomere maintenance (7) , Drosophila melanogcister mei-41 (8) , and human ATM (9) 'To whom correspondence should be addressed.
cancer (1, 9, 10) . Approximately 1%/o of humalns are heterozygotes for ATM defects and show an increased incidence of cancer (10) . ATM-defective cells show checkpoint defects similar to those of mecl and rad53 mutants.
We used a red-white sectoring assay to identify nonsectoring rod (RAD53 overproduction dependent) mutants ( 11, 1 2), which depended for survival on a colormarked plasmid that overexpressed RAD53. These mutants failed to survive plasmid loss (Fig. IA) (Fig. 1 B) .
To determine the extent of the suppression of mecl mutants, we examined the ability of RAD53 to suppress additional mec) phenotypes. RAD53 overproduction suppressed the HU sensitivity of mecl-21 ( Fig. 2A) and of mecl-) (13) and the lethality of a mec) deletion (Fig. 2B) , which indicates that such overproduction can provide the essential function of MECG. It did not restore HU resistance to levels found in the wild type, which indicates that it cannot restore full checkpoint function (13) . DUN) overproduction suppresses a null allele of YBR1O22 (MECG) (14). We confirmed this in our strain background (Fig.  2B) and showed that the ability of DUN) to suppress depended on its kinase activity because the dun]-2K22o2R catalytically defective mutant did not suppress (Fig. 23 ). This result raises the possibility that the ability of RAD53 to suppress mec) mutants might be through an effect on DunIp function.
ATM shares more sequence similarity with YBLO88 (TELI) than with MECG bLut has more in common phenotypically with mec) mutants (9 (17) . These data indicate that TELI shares functions with MECI but does not control a separate parallel checkpoint pathway because rad53 tell mutants are no more defective than rad53 alone (Fig. 2C ).
We also examined the ability of RAD53 overproduction to suppress deficiencies in mecl tell double mutants. RAD53 overproduction suppressed the rate of killing by HU in liquid culture of both mecl (13) and mecl tell mutants (Fig. 2E ). It also suppressed the sensitivity to ultraviolet light of these mutant combinations (Fig. 2F ). These data suggest that RAD53 functions downstream of MECI and TELl in the DNA damage response pathway and that the essential function of MECI is likely to be mediated by RAD53.
If RAD53 transduces the DNA damage signal, it should respond to damage. Consistent with this hypothesis, Rad53p shows altered electrophoretic mobility in response to treatment with methyl methane sulfonate (MMS) or HU ( Fig. 3A ) (18) (19) (20) . The identity of Rad53p was demonstrated by its specific absence in a rad53 deletion strain that was alive because of the presence of a suppressor (Fig. 3A , lane 1) (13) . Because these agents also partially synchronize cells in the S phase, we examined the mobility of Rad53p through the cell cycle to determine if this mobility shift resulted from synchronization. RAD53 mRNA is regulated by the cell cycle (3, 4) , and Rad53p also increases during the S-G2 phase (Fig. 3B) . However, the S-G2 form of Rad53p consists of only the fastest migrating form observed in untreated asynchronous cells (Fig. 3, A and B), which indicates that the observed modification is not an artifact of synchrony. Phosphatase treatment reversed the mobility alteration, which indicates that it is a result of phosphorylation (Fig. 3C ). MMS produces a more pronounced Rad53p mobility shift than does HU. MMS also induces higher levels of RNR3 than HU (5) , which suggests that the degree of Rad53p phosphorylation may be correlated with the strength of signal generated by Rad53p.
To establish the genetic pathway con- (Fig. 3E) .
Taken together, our results support a model (Fig. 4) (18) (19) (20) 27) . Lane 1 contains extract from asynchronous culture of the Arad53 strain (Y677) rescued by a plasmid containing a high copy suppressor (13) . Lanes 
360
and COOH-terminal propeptides that must be cleaved to yield mature monomers capable of forming fibrils (9) . PCP, the physiological activity that cleaves procollagen I, II, and III COOH-propeptides, shares a number of features with BMP-1. It is a secreted N-glycosylated metalloprotease that requires calcium for optimal activity (10) (11) (12) , and it is crucial for cartilage and bone formation, because collagen types II and I, respectively, are the major protein constituents of these tissues. Similarly, BMP-l is implicated in de novo endochondral bone formation (1) (rBMP-1) produced by a baculovirus system (16) with those of purified mouse PCP (17) . We first examined whether rBMP-1 has PCP-like activity (17) . Type I procollagen was incubated with conditioned media from cells infected with baculovirus containing a BMP-1 complementary DNA (cDNA) insert. The type I procollagen was processed to yield the disulfide-linked COOHpropeptide and pNotl and pNcx2 chains as the major products (Fig. IA) (18) . No nonspecific cleavages were evident. The SDSpolyacrylamide gel electrophoresis (SDS-PAGE) mobilities of rBMP-1-generated products were identical to those of products generated by mouse PCP. Cleavages did not occur when procollagen was incubated with conditioned media from cells infected with wild-type virus (Fig. 1, A and B) or from uninfected cells (19) . Electrophoretic mobilities of reduced propeptide subunits Cl and C2 from human (Fig. IB) or chick (Fig.  IC) type I procollagen were also indistinguishable when released by rBMP-1 or PCP.
These results were consistent with the *rBMP-1 activity was determined with the assay for PCP activity described in Kessleretal. (12) .
tPCP data are from Kesslereta/. (12) .
tValue for inhibition of PCP by DFP is from Hojima et al. (10) . §10 pg/ml. 
